We have isolated a single-copy gene from the plantArabidopsis thaliana, called dbp, which encodes a lysine-rich, DNA-binding protein. The Dbp protein has a molecular weight and a composition resembling histone HI. When the dbp gene was expressed in bacteria, the protein product bound DNA nonspecifically. The dbp gene is expressed constitutively in all parts of the plant but is induced five times above this basal level in apical zones. In vitro hormone-depletion experiments showed that the expression in the shoot apex could be induced by exogenous auxin. In situ hybridizations in the root apex indicated that the expression of dbp is enhanced in the region of cell division.
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Auxin is, arguably, the most intensively studied ofthe plant growth hormones. The natural and omnipresent auxin IAA plays important roles in the regulation of cell division, cell extension (or elongation), and cell differentiation (for a review, see Ref. 39) . However, despite the vast literature on the physiology of auxins, little information is available on their mode of action at the molecular level, and it is only in the last few years that a number of auxin-regulated genes have been isolated (for reviews, see Refs. 19, 45) .
Auxins have been shown to regulate the transcription of an extensive set ofgenes. On excised soybean and pea hypocotyls, auxin stimulates immediate cell elongation, accompanied by the immediate induction (within 5-30 min) ofseveral mRNA species (19, 45) . Although the effect of auxin on cell division has been analyzed less intensively than its effect on cell elongation, the availability oftobacco cell suspension cultures dependent only on auxin for continuous growth has provided a convenient experimental system to investigate the role of this hormone in cell division processes. After a starvation period in hormone-free medium, such cell suspension cultures react quickly to auxin addition with renewed cell division in concert with the induction of specific mRNAs (47) . In this system, cell division-associated RNAs start to accumulate within 30 min to 2 h after auxin addition.
'This work was supported by grants from the A.S. Besides these extensively studied primary effects of auxins on gene expression, a number of more long-term responses have been characterized at the molecular level. For example, it is well documented that 18S and 25S ribosomal RNAs accumulate after several hours of auxin treatment, due to a selective enhancement of RNA polymerase I activity (for a review, see Ref. 19) . Several polypeptides that respond to long-term auxin exposure have been identified. A 2,4-D treatment of intact pea seedlings induces cellulase mRNAs after a lag period of approximately 24 h (49) . In another study (15, 16) , a 24-h auxin treatment of soybean hypocotyls was shown to cause an approximate eightfold increase in the abundance of ribosomal protein mRNAs. The similar induction kinetics for RNA polymerase I activity and ribosomal protein mRNA accumulation suggests that their synthesis might be regulated coordinately.
In the present study, we have identified a single-copy gene, called dbp, with a high basal level of expression in all parts of mature Arabidopsis thaliana plants and elevated expression in the root and shoot apex. The expression of dbp in isolated peduncle segments can be enhanced by a 4-h exposure to exogenous auxin and thus is a member of the set of long-term auxin-responsive genes (19) . Moreover, the Dbp polypeptide is lysine-rich and shares several biochemical properties with histone H1. Although it is biochemically and immunologically distinct from histone H1, we show here that the Dbp polypeptide binds double-stranded DNA apparently in a similar fashion.
MATERIALS AND METHODS

Plant Material and Bacterial Strains
Four-to 6-week-old Arabidopsis thaliana var Columbia, grown under greenhouse conditions, were used as plant material (see also Ref. 41) .
Except when specifically stated, all molecular clonings were performed with the Escherichia coli strain MC1061 (5) . The X phage library was amplified using the E. coli strain NM538 (14) . Experiments of bacterial expression were carried out with the strain SG4044 lon- (18) . from poly(A)+ RNA isolated from whole Arabidopsis plants and was cloned into the PstI site of the plasmid pUC 18 (51) .
The library was screened for tissue-specific cDNAs following a protocol described for screening genomic libraries (41) . The clone pATC lA was first characterized as hybridizing to RNA present in all organs of Arabidopsis.
RNA Preparation and Analysis
Total RNA was isolated from fresh Arabidopsis tissue essentially as described by Jones et al. (21) and poly(A)+ RNA was selected by oligo(dT) cellulose affinity chromatography as described by Slater (42) . The RNA was quantified spectrophotometrically.
For the detailed analysis in peduncle segments, we used the rapid RNA extraction procedure of Logemann el al. (25) with an additional step to remove contaminating polysaccharides. After the first precipitation following homogenization in extraction buffer and phenolization, the pellets were resuspended in 0.1 M sodium acetate (pH 6.0), and polysaccharides were precipitated by gently adding ethanol up to 10% final volume, and chilling on ice for 10 min. After centrifugation, the supernatants were collected and RNA was further purified by a second precipitation with 2.5 volumes of ethanol, at -200C.
For Northern hybridizations, 10 ,ug of total RNA was denatured in formamide and formaldehyde, electrophoresed on formaldehyde gels as described by Maniatis et al. (26) , and transferred by capillary blotting onto Hybond-N (Amersham) filters. To obtain highly specific probes, the cDNA insert of pATClA was recloned in the plasmid pGem-2 (Promega), yielding pGATC1A, and single-stranded riboprobes were synthesized using SP6 polymerase (31 Hormones were added after a 20-h washing in these conditions and the different samples were further incubated for 8 to 24 h. Aliquots of about 200 mg tissue were collected for RNA extraction.
Screening of a Genomic Library
An amplified subset of 5 x 104 plaques of the A. thaliana genomic library in X EMBL4 (37) was screened with a nicktranslated probe of pATClA, according to standard techniques (26) . Twelve positively hybridizing genomic clones were first observed, two of which remained positive when rescreened. One clone was chosen for further analysis and was called XATC1.
Bacterial Expression System and Protein Preparation
The bacterial expression system was based on translational fusion with the N-terminal sequence of the X cro gene under control of the X PR promoter for conditional expression in the presence of a cIts allele. The expression vector was from the pLK70 series (3) and used in the presence of the plasmid pCI857 (38) , in the E. coli strain SG4044.
Expression was induced by a temperature shift from 28 to 42°C on a culture at A60 = 0.2, and by further incubation for 4 h at 42°C. Cells were then collected by centrifugation and lyzed by osmotic shock with ice-cold water as described by Koshland and Botstein (22) . The fusion polypeptide, present in the insoluble material, was recovered in the pellet fraction after centrifugation and resuspended in a small volume by sonication.
The acid extraction test was carried out by adding 10 volumes of 0.4 N sulfuric acid (or 5% perchloric acid) to a small volume ofconcentrated protein preparation. After mixing thoroughly, nonsoluble proteins were pelleted by centrifugation, supernatants were collected, and the extractions were repeated& twice more. Acid-soluble proteins were recovered from the pooled supernatant by precipitation with 18% (final concentration) TCA in the presence of 0.015% deoxycholate as carrier. The recovered pellets were washed once in acidified acetone (200 mL of acetone and 0.1 mL of concentrated HCI), three times in acetone, and shortly dried before resuspension in SDS-PAGE loading buffer. Flowers, seed pods, and residual leaves were removed. The peduncles were then divided into six segments of equal size, from base to apex, and total RNA was extracted from 0.2 g stem material for analysis. 
DNA-Binding Assays
We used the procedure described by Silva et al. (40) . Protein samples were separated by SDS polyacrylamide gel. After electrophoresis, the gel was washed twice for 1 h with renaturation buffer (50 mM NaCl, 10 mm Tris-HCI [pH 7.0], 20 mM EDTA, 0.1 mM dithiothreitol, 4 M urea) with gentle agitation. Proteins were then electrophoretically transferred onto nitrocellulose. The DNA-binding assays were performed in 5% nonfat dry milk, 50 mm NaCl, 10 mM Tris-HCI (pH 7.4), 1 mM EDTA with 0.5 Ag of 32P-labeled DNA, for 3 h at room temperature without agitation. The nitrocellulose filters were then rinsed for several hours in milk buffer with agitation until no background could be detected, and exposed for autoradiography. For the assay with Arabidopsis DNA, we used total plant DNA nick-translated to a specific activity of 3 x 107 cpm/,ug. For the control experiment with a heterologous DNA, a Bcll-Hinfl 166-bp fragment of the immunity region of 105 (48) was labeled in a kinase reaction to a specific activity of 5 x 107 cpm/,ug.
Miscellaneous
Total Arabidopsis DNA was prepared according to Pruitt and Meyerowitz (37) . Standard procedures were used for recombinant DNA work (26) . The DNA sequences were determined on both strands by the procedure of Maxam and Gilbert (28) . SDS-PAGE was performed according to Laemmiu (24 (Fig. 3, lanes 3 and 4; and data not shown), while gibberellic acid (GA3) stimulated gene expression twofold over the course of 24 h. In marked contrast, auxin (NAA) could induce maximal expression, about 10 times above basal level, in less than 8 h (Fig. 3) . Similar dbp induction profiles were obtained with IAA and 2,4-D (data not shown). The maximal induction was obtained at a concentration of 1o-6 M NAA: both lower and higher concentrations resulted in weaker induction (Fig. 4b) . Moreover, a combination of auxin and GA3 had the same effect as auxin alone (data not shown). Unlike the effects in upper peduncles, the expression of dbp in the lower part of Arabidopsis floral stems (Fig. 1, regions 1 and 2) remained at the basal level and showed no response to the hormone treatment (data not shown).
The specificity of the response of dbp to auxin was tested by rehybridizing the same filter with a probe prepared from a gene encoding S-adenosylmethionine synthase (sam-l) that has been isolated from Arabidopsis (36) . In contrast to the behavior of dbp mRNA, sam-1 transcripts did not decline in vitro, nor change with any of the subsequent treatments (Fig.   3 ). These observations suggest that the changes in dbp RNA were not reflections of uniform fluctuations in the mRNA Figure   3 , the filters were rehybridized with a probe of the sam-1 mRNA to confirm the equal amount of RNA in all the lanes (data not shown).
pool. Instead, dbp may be considered part of the relatively small set of genes induced by auxin in excised tissue (19, 45) . The kinetics ofthe effect of auxin on the dbp transcript was further analyzed in hormone-depleted upper peduncles of Arabidopsis. Induction was first detected after 4 h of auxin treatment (Fig. 4a) . The relatively late response demonstrates that the effect of auxin may be indirect and be enacted only after a prior series of biochemical events has occurred.
Analysis of the dbp Gene Structure
The cDNA clone pATClA appeared to be incomplete since it hybridized to a messenger longer than itself and since the reading frame did not contain a methionine start codon. The missing 5' portion of the gene was obtained from a A clone containing the genomic sequence (see "Materials and Methods"). This phage, called X ATC1, contained an insert of 14 kb. The molecular analysis of A ATC1 showed that all of the sequences homologous to the cDNA lay within two BglII restriction fragments of 3.4 and 0.6 kb (Fig. 5a) .
Southern hybridization on Arabidopsis DNA using pATClA or X ATC1 as probes revealed that the dbp sequence is organized in the genome as it is in the X ATC1 clone. All of the results were consistent with the interpretation that dbp is unique in the plant haploid genome. The result of such a hybridization with the pATClA cDNA insert is shown in Figure 5b .
The sequence of the dbp gene is shown in Figure 6 . The cDNA sequence agreed completely with the genomic nucleotide sequence but demonstrated that the gene was interrupted by three introns. No polyadenylation consensus sequence could be found at the 3' end of the gene, although the cDNA clone contained a poly(A) tail. Another cDNA clone, called pATClB, containing a 7 10-bp insert, has been isolated from the Arabidopsis cDNA library and sequenced at its extremities. This cDNA shows nearly the same 5' end as pATClA, but its 3' end is 74 bp shorter, and also contains a poly(A) tail (Fig. 6 ). This indicates some diversity in the 3' endprocessing of dbp mRNAs.
The 
Analysis of the Polypeptide Encoded by dbp
The dbp amino-acid sequence deduced from the nucleotide sequence (Fig. 6 ) would correspond to a protein ofMr 21 kD, particularly rich in lysine residues. Although it showed no significant homology with published protein sequences, the Hind III SWTAATA^^TTCT6TrCAA6CAAcATATrCCATT6TTTATATrArA^6TTGcTTTrTr6CcArACCATC6At6AGCATAACCTAA6AA'^^6cTrCATCrc (Table I) resembled pea and human HI histones (for a review, see Ref. 50 ). Dbp differs noticeably from HI in that it contains cysteine and tryptophan and has a low basic/acidic ratio (Table I) . In order to further analyze the Dbp polypeptide, we introduced the coding sequence of the pATClB cDNA insert into a bacterial expression vector, replacing the first 10 amino acids with a short N-terminal translational fusion with the X cro gene (Fig. 7) . We checked carefully that the very short Cro sequence present in the Dbp fusion protein did not overlap the DNA-binding site of Cro (35, and references therein).
As shown in Figure 8 , expression of dbp in bacteria gives rise to a polypeptide with an apparent Mr of 35 kD on SDS polyacrylamide gels. The Dbp polypeptide is soluble in 0.4 N sulfuric acid, a property of basic proteins that is used for the purification of histones, but not in 5% perchloric acid, which distinguishes it from histone HI (20) . Furthermore, the bac- terial-made Dbp protein exhibits DNA-binding activity (Fig.  9) . The DNA-binding assay was performed on protein extracts separated by PAGE, electroblotted into nitrocellulose filters, and incubated with 32P-labeled DNA in a buffer adjusted to 50 mM NaCl and containing 5% nonfat dry milk. Under these assay conditions, purified tobacco HI and the Dbp fusion protein bound both Arabidopsis total DNA (Fig. 9b) and a fragment of bacteriophage DNA. Bacterial extracts also contained a 38-kD protein that bound to Arabidopsis but not to bacteriophage DNA (Fig. 9b) (19, 45, 47 33 ) and similar to an auxin-regulated cellulase of peas (49) . The possibility to induce dbp expression above its basal level using gibberellic acid further supports the conclusion that this enhanced expression is under multiple controls. Both auxin and gibberellic acid are known to stimulate stem elongation in a variety ofspecies (32) and may, therefore, regulate overlapping sets of genes under appropriate assay conditions. The induction of dbp by auxin is thus part of the indirect, long-term auxin response in the plant tissue (see introduction).
The dbp amino-acid sequence shows a similarity with histone H1, based on the size of the polypeptide and the high lysine content. Moreover, the strong ionic charge of the polypeptide decreases its mobility on SDS-PAGE, leading to an apparently higher Mr (35 kD instead of 21 kD), in the same manner as the purified tobacco H1 used as a control (Fig. 8) (29) . However, these rules may not apply to particular histone variants and to the situation in plants. Replacement variants can have introns and polyadenylated messengers (4, 29) and plant histone mRNAs also seem to be polyadenylated (9, 17) . Moreover, the plant A. thaliana represents a particular case of genome organization, with the smallest genome size among higher plants analyzed (37) and with often reduced multigene families: for example, whereas the H3 and H4 histone gene families contain 60 to 120 copies each in maize (8) and in wheat (43, 44) , they contain only 5 to 7 copies in A. thaliana (6) . A more persuasive argument that Dbp is not a histone comes from the low ratio of basic/ acidic amino acids and the presence of two tryptophan and two cysteine residues (Table I) , since all histones show a clear excess of basic over acidic amino acids, rarely contain cysteine, and lack tryptophan (50 (independent from those used in Fig. 8 ) were used in this experiment to check the specificity of the DNA-binding activity. Electrophoresis was done on SDS 10% acrylamide gel. The arrow dhh_ and asterisks indicate the Dbp polypeptide. In b, the assay with Arabidopsis total DNA revealed some E. coli DNA-binding protein, both in 0 and 1. In c, the assay was performed with the BcllHinfl 166-bp fragment of the immunity region of 4105 phage (48) . A strong DNA-binding activity (not shown) was also detected on the low-mob c lecular wt bands of the bacterial preparations which migrate at the same position as the nucleosomal tobacco histones and which also showed some enrichment after sulfuric acid extraction (Fig. 8) . The apparent mol wt of tobacco histone Hi (43 kD) and of the Dbp fusion protein (35 kD) is indicated.
DNA-binding protein is unlikely since there is no distinguishable transit peptide in the amino acid sequence. Experiments using immuno-detection with antibodies raised against the fusion polypeptide will confirm the nuclear location and possibly the association of the Dbp protein with chromatin.
